Various polybenzimidazole (PBI)-based ion-exchange films were prepared and thoroughly characterized by Fourier transform infrared (FT-IR) spectroscopy, proton conductivity, and water uptake for possible use as fuel cell membranes. Upon the increase in the flexibility of the PBI-based polymer films (e.g., poly(oxyphenylene benzimidazole) (OPBI) and sulfonated OPBI (s-OPBI)), the membranes exhibited slightly improved proton conductivity, but significantly increased dimensional changes. To reduce the dimensional changes (i.e., increase the stability), the cross-linking of the polymer films (e.g., cross-linked OPBI (c-OPBI) and sulfonated c-OPBI (sc-OPBI)) was accomplished using phosphoric acid. Interestingly, the sc-OPBI membrane possessed a greatly increased proton conductivity (0.082 S/cm), which is comparable to that of the commercially available Nafion membrane (0.09 S/cm), while still maintaining slightly better properties regarding the dimensional change and water uptake than those of the Nafion membrane.
Introduction
The proton exchange membrane fuel cell (PEMFC), which possesses the ability to withstand high operating temperatures and is energy efficient, is a promising device for resolving both energy and environmental concerns [1, 2] . The development of proton conductive membranes for PEMFC applications that are inexpensive and highly stable is challenging. Currently, Nafion (Dupont's fluorinated electrolyte membrane) is the most widely-used fuel cell membrane; however, it has some drawbacks such as a high price, low ion conductivity at long operation times, and decreased performance at high temperatures [3] . As such, most research has focused on the preparation and modification of various proton conductive membranes that are inexpensive and provide better performance and properties [4] [5] [6] [7] .
Acid doping into aromatic polymer materials is one of the more interesting approaches in designing proton conductive films with good thermal and chemical stabilities for alternative fuel cell membranes (e.g., polyimides, polysulfones, polybenzoxazoles, poly(ether ether ketones), and polybenzimidazoles (PBIs)) [2, [4] [5] [6] [8] [9] [10] [11] [12] [13] . In this study, we have employed PBI, which is very cheap and exhibits thermally and chemically stable properties under various conditions [6, [14] [15] [16] [17] . PBI has a heterocyclic benzimidazole ring with an amphoteric character, which can be easily modified with strong acids (such as phosphoric acid and/or sulfuric acid) to be used as an ionic conductive membrane [3, [18] [19] [20] . Unfortunately, PBI films are very brittle and rigid, often resulting in low proton conductivity. Thus, we attempted to control the flexibility of the PBI material by employing dicarboxydiphenyl ether (DCDPE) (typically isophthalic acid (IPA) for PBI synthesis). The resulting poly(oxyphenylene benzimidazole) (OPBI) possesses an oxygen in the PBI backbone that can increase the flexibility of the film [21] . Subsequently, the OPBI membrane is further sulfonated by sulfuric acid and/or cross-linked by phosphoric acid to improve the proton conductivity and maintain a good stability at high operating temperatures, which could surpass the limitations of current proton conductive membranes. The main focus of our study in this stage is to examine the synthesis and characterization of various flexible PBI-based membranes for potential PEMFC applications.
Experiment

Materials
Diaminobenzene (DABz), IPA, polyphosphoric acid (PPA), N,N-dimethylacetamide (DMAc), sulfuric acid, ethanol, 4,4′-DCDPE, Eaton's reagent, dimethyl sulfoxide (DMSO), and phosphoric acid were purchased from Aldrich (St. Louis, MO, USA) and used without any purification. A glass plate (20 cm × 28 cm) was used to prepare various polymer membranes.
Preparation of PBI, s-PBI, o-PBI, s-OPBI, and sc-OPBI Membranes
2.2.1. Preparation of PBI [22] DABz (3.115 g) and IPA (4.018 g) were mixed with PPA (60 g) and placed in a round-bottom flask equipped with a reflux condenser with an inlet for nitrogen. The mixture was heated to 190 °C for 20 h. The polymerized PBI powder was collected and then dissolved in DMAc to prepare 10 wt% of the PBI solution. Incompletely dissolved PBI powder in DMac was removed by a simple centrifugation step.
The resulting polymer solution was subsequently cast on the glass plate to form a ~20 µm thin film (i.e., the PBI membrane). The cast film was dried at 80 °C for 24 h and immersed in a water bath. The final OPBI membrane was heated again at 60 °C for 24 h to remove any residual solvents (Scheme 1). To improve ion conductivity, the PBI film was treated with 98 wt% sulfuric acid at room temperature for three days (sulfonated-PBI, s-PBI membrane). This acid-treated PBI film was washed with ethanol and subsequently dried at 60 °C for 24 h (Scheme 2). Scheme 2. Synthesis of sulfonated poly(benzimidazole) (s-PBI).
Preparation of OPBI [21,23]
The s-PBI membrane exhibited extremely low proton conductivity due to its highly rigid structure; we attempted to provide flexibility to the s-PBI membrane by replacing IPA with DCDPE repeating units in the polymer backbone (Scheme 3). The structure of DCDPE appears to be the extended form of IPA, with an oxygen and a phenyl group that provide flexibility to the entire polymer backbone (OPBI structure). Specifically, OPBI was prepared by using DCDPE (0.51646 g), DABz (0.41644 g) (10:9.7 ratio) and Eaton's reagent (30 mL) at 140 °C for 2 h under nitrogen gas [16] . The collected OPBI was then dissolved in DMSO (3 wt%) and then cast on the glass plate. The rest of treatment was similar to the preparation of the PBI membrane. 
Sulfonation of the OPBI Film (s-OPBI)
To improve ion conductivity, the OPBI film was systematically treated with various concentrations of sulfuric acid (0-70 wt%) for 24 h (Scheme 4). The acid treated s-OPBI membranes were washed with ethanol and subsequently dried at 60 °C for 24 h. The OPBI-based membranes exhibited a high dimensional change in the water that could cause stability issues at high operating temperatures.
Scheme 4. Synthesis of sulfonated OPBI (s-OPBI).
Cross-Linking and Sulfonation of the OPBI Films (sc-OPBI)
As the s-OPBI film has shown a low stability and high dimensional change in water, we attempted to prepare cross-linked and sulfonated OPBI films that could introduce the enhanced stability and reduced dimensional change (Scheme 5). In our study, the cross-linking of the OPBI membrane was initially achieved by immersing the membrane in a phosphoric acid (85 wt%) solution. The cross-linking reaction was completed at 80 °C in an oven for 2 h and then at 180 °C for 20 h. The resulting c-OPBI membranes were washed with hot water (~80 °C) a few times and dried at 80 °C in an oven overnight. It is important to note that phosphoric acid is employed as the cross-linking agent and also works as an acid-doping material in the film which may increase the proton conductivity. Subsequently, the sulfonation of these c-OPBI films was accomplished similarly via the sulfonation of OPBI films using 98 wt% sulfuric acid.
Scheme 5.
Cross-linking of sulfonated OPBI (sc-OPBI).
Characterization of s-PBI, s-OPBI and sc-OPBI Membranes
Fourier transform infrared (FT-IR) spectroscopy measurements (Jasco FT-IR 620, Jasco Corporation, Easton, MD, USA, resolution 4.0, average of 100 scans) were carried out in order to confirm the synthesis of various PBI-based membranes (e.g., s-PBI, s-OPBI, and sc-OPBI). For the proton conductivity measurement, all membrane samples were soaked in 1 M HCl for 4 h, allowing for complete protonation of the sulfonate group. The proton conductivity was then measured with the impedance analyzer (WEIS 500, Hitachi, Japan). The complex impedance in the range of 10 Hz to 1 MHz was monitored using a stainless steel electrode. Figure 1 shows the scheme of the proton conductivity measurement system, where the stainless plates were the electrode and Pt wires were the voltage sensing probes. The direct current resistance of the membranes was obtained when the Z′ phase was at 0. The proton conductivity was then calculated based on the following Equation (1) [24] :
where σ = proton conductivity; L = length of the membrane; R = direct current resistance; W = width of the membrane; and d = distance of the electrode. Measurements of the water uptake and dimensional change of the membranes in the 80 °C water were also performed to evaluate the stability of the membranes. Five membrane samples (50 mm × 50 mm) were prepared and immersed in 80 °C water for 24 h. After the water uptake, the residual water from the sample's surface was removed by the absorption paper. The water uptake and dimensional change of the membranes were then recorded and calculated using the following Equations (2) and (3):
where W wet = weight of a fully water-absorbed membrane; and W dry = weight of a dry membrane.
where A wet = area of a fully water-absorbed membrane; and A dry = area of a dry membrane. Figure 2 shows the infrared (IR) spectra of PBI and s-PBI with characteristic peaks at 3500-2500 cm −1 for the N-H bond and at 1630 cm −1 for the C=N bond, respectively. The distinctive in-plane deformation peak of the imidazole ring was also observed at 1460 cm −1 [25] . Upon sulfonation, the s-PBI membrane clearly showed a new broad peak at 1053 cm −1 , corresponding to the symmetric stretch of the sulfonate group (SO 3 − ) [22, 26] .
Results
FT-IR of PBI and s-PBI Membranes
Figure 2. Fourier transform infrared (FT-IR) spectra of polybenzimidazole (PBI) and sulfonated PBI (s-PBI).
FT-IR of OPBI, s-OPBI and sc-OPBI Membranes
As the successful sulfonation of the PBI film was examined by FT-IR, we analyzed the OPBI film and the series of cross-linked OPBI (c-OPBI)-based films as a function of the degree of sulfonation. Figure 3 shows the IR spectra patterns of OPBI, c-OPBI, and various sc-OPBI membranes. All OPBI-based films exhibited a peak at 1250 cm −1 for the C-O bond, indicating the successful incorporation of DCDPE into the polymer backbone. The cross-linked films with phosphoric acid (c-OPBI and sc-OPBI) were also confirmed by the presence of peaks at 3214 cm −1 and at 1423 cm −1 for O-H and N-O peaks, respectively.
The peak at 1084 cm −1 for all sc-OPBI films clearly indicates successful sulfonation [3, 18, 22, 26] . 
Proton Conductivity of s-PBI, s-OPBI and sc-OPBI Membranes
Proton conductivity (where protons can freely move around in the ion exchange membrane via the hopping mechanism [27] ) is one of the most important characteristics of ion exchange membranes when evaluating fuel cell performance [14, 28] . As such, the proton conductivity of the prepared films was compared to that of commercially available Nafion, a sulfonated tetrafluoroethylene-based membrane. We observed extremely low proton conductivity of the s-PBI membrane (Figure 4 ) compared to that of the Nafion membrane. Although we speculated that the sulfonate groups in our PBI-based films could play an important role in the movement of protons, the rigidity of the polymer backbone and overall polymer structure (e.g., the polymer backbone and side chains) resulted in the low proton conductivity. Upon the formation of a highly flexible OPBI film and its sulfonated OPBI derivatives (s-OPBI), these films have shown notably increased proton conductivity. Based on our systematic studies, the proton conductivity generally increased as the concentration of sulfuric acid increased (up to 70%; the highest proton conductivity from OPBI occurred with 70% sulfuric acid). In addition, the proton conductivity of the OPBI membrane with the treatment of 70% sulfuric acid was measured as a function of the sulfonation time ( Figure 5 ). The optimized incubation time required for the best proton conductivity was found to be the 24-h treatment of the OPBI membrane with 70% sulfuric acid at 80 °C (the prolonged incubation time appeared to degrade the film, leading to inconsistent results). The s-OPBI membrane notably increased the proton conductivity, but was still far below that of the Nafion membrane. In a separate study, we evaluated the stability, water uptake, and dimensional change of s-OPBI ( Figure 6 ). The proton conductivity of the s-OPBI membrane relatively increased as the water uptake increased (i.e., a 24-h sulfonated membrane), indicating a possible relationship between these two properties [19, 29] . More thorough studies are under way to fully understand this relationship. It is important note that the s-OPBI film has a much better water uptake ability than that of the Nafion membrane; the s-OPBI film could be utilized for PEMFC applications under low humidity conditions. Our s-PBI membrane with a high water uptake/transport property could maintain a consistent fuel cell performance in a low humidity environment. Too much dimensional change in the membranes in water is one of the major problems for fuel cell performance and long term stability. It was reported that the performance of Nafion in a fuel cell system is dramatically decreased due to the high dimensional change that occurs under high temperature and moisture conditions [30] . Although the s-OPBI membranes generally showed a higher water uptake property, these membranes overall exhibited a lower dimensional change than that of Nafion. The s-OPBI membrane with the highest proton conductivity (24 h of sulfonation) showed a similar dimensional change to that of Nafion. This observation led us to modify s-OPBI with a cross-linking agent to prepare sc-OPBI (sulfonated and c-OPBI) membranes to reduce the dimensional change.
It has been reported that PBI films can increase both the thermal stability and proton conductivity upon treatment with aqueous phosphoric acid (i.e., acid doping); we initially attempted to prepare c-OPBI membranes by treating them with phosphoric acid. Surprisingly, the proton conductivity of this bare c-OPBI without sulfonation was greatly enhanced (0.035 S/cm at 80 °C) simply due to the presence of the cross-links with phosphoric acid. This enhancement implies that the OH group of phosphoric acid in the c-OPBI membrane plays an important role for the transportation of protons. The proton conductivity of sc-OPBI was then examined as a function of the initial sulfuric acid concentration (Figure 7 ). In addition, when the c-OPBI membranes were systematically treated with varying concentrations of sulfuric acid (increased from 0 wt% to 70 wt%), the proton conductivity gradually increased, presumably because of more sulfonation. The sc-OPBI membrane with 70 wt% sulfuric acid showed comparable proton conductivity to Nafion (0.09 S/cm at 80 °C). This sc-OPBI membrane with highly increased proton conductivity could be used as an alternative hydrocarbon membrane for PEMFC applications. Figure 8 shows the water uptake and dimensional change of the sc-OPBI membranes. When the concentration of sulfuric acid increased, both the water uptake property and the dimensional change gradually increased. While the increase of the water uptake (40%) by the sc-OPBI membrane with 70 wt% sulfuric acid was greater than that of Nafion (32%), the dimensional change of the same membrane (11.8%) was much smaller than that of Nafion (30.6%). This observation indicates that the cross-linking process with phosphoric acid not only improves the proton conductivity but also reduces the dimensional change (which is related to the long-term stability). 
Conclusions
In this study, the preparation and characterization of various PBI-based films for possible PEMFC applications were accomplished. The presence of sulfonate groups in various PBI-based films was successfully confirmed by FT-IR. The s-OPBI membrane with an oxygen atom in the PBI backbone had slightly improved proton conductivity over that of s-PBI due to its increased flexibility. In addition, the s-OPBI film exhibited a higher water uptake with a moderate dimensional change. Upon the cross-linking of s-OPBI by phosphoric acid, the resulting sc-OPBI interestingly exhibited the highly enhanced proton conductivity of 0.081 S/cm, which is comparable to the conductivity of the commercially available Nafion (0.09 S/cm). Furthermore, the sc-OPBI membrane possessed a slightly higher water uptake (40%) than that of Nafion (32%), but the dimensional change of the film was found to be much lower (11.5%) than that of Nafion (30.6%). Since the sc-OPBI membrane has a high proton transfer capability and low dimensional change, it has the potential to be used as a highly effective and practical membrane in the field of PEMFC systems.
